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INFLUENCE OF 5f ELECTRONS ON STRUCTURE AND BONDING

IN THE ACTINIDE-HYDROGEN INTERMETALLICS*

John W. Ward

tlatelialsScience and Techuologv Division

Los Alsmos National Laboratory, Los Alamos, I/N 87545

The physiochemical prop~rties of the early actinide (through Pu)

hydrides present a fascinating electronic picture that is unique in

the periodic table. Complex phases form for the ‘1’h+ H and U + H

systems that are found with no other metals. In the Pa + H system,

simple body-centered cubic, C15 Laves and A15 phases can form,

dependent on temperature and composition. The phase transformations

appesr to be magnetically-driven, as a result of the decoupling f the

metallic 5f electron bonding that occurs during hydriding; the C15

phases contain two kinds of Pa atcims--the one sublattice being still.

fully f-bonded and the other magnetic. This is a unique situation in

solid state physics which defies a valence description. A similar

situation obtains for A15 P - UH3 structure. It can be shown that the

parent metals themselves exhibit electroncgativicics not unlike those

of the mid-3d transition metals (c,g , Fe) because the valence

electrons are tied up in metallic bonding. Kdti?ver,under the driving

farce for hyriridin~, the lattices can open u~), decoupling the

f-bonding antiinducing magnetism. The syslems then aggressively form

wry stahlc hydride% typical of highly-clcctro-~ositivcmetals.

Beyond uranium the trivairnt metallic state is favorrd and

rare-earth-like hydrides are found for Np + H and Pu + l{. Never-

theless, the Holibi-state nnil transport propcrtius ;lre markedLy

different than for the rarr-earth hydr;dns, showing tha~ the latent

inilucnce of the 5f vl(’utron~is still strong.

+Si:l)jcclcategory: Fhrly acti[li(lc-hy(lrogctlintcrmvlfillit-s.

Author: Dr. John W, Ward, Group MST-13, MS },511,Los A1iItrosNational

Laboratory, Los Alarnos,Ntl 87545, USA
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Introduction

The general behavior of metallic (i.e., electrically conducting)

hydrides has been discussed by Ward.
(1)

Briefly, the great ❑ajority

of these metal-hydrogefi intermetallics is made up of hydrides of

trivalent electropositive metals. No mono or divalent ❑etallic

hydrides are known, only a handful of tetravalent (Ti, Zr, Hf, Th) and

still fever pentavalent (V, Nb, Ta) hydrides are found; the highe:

metallic valencies go with lower electronegative and a: the same time

smaller lattices (of the ❑etals) vi’.bhigh cohensive energies, and the

resultant hydrides are of low composition and not particularly stable.

The behavior of the trivalent.rare-earth hydrides plus ~ and EC

is relatively well-understood, or at least thoroughly studied. These

metals remain trivalent “while first forming a dihydride, M.H2,whose

electrical conductivity is higher than that of the parent metal due to

the “spare” electron sitting in the conduction band, Upon approaching

the trihydride solid solutio,ls arc formcJ, with several possible

intermediate phases before a fin~l hexagonal modification, for the

heavier (Sm and beyond) metals, Various stages of semi-metal/scmi-—

co.lducLor/insulatorbehavior are seen in the W2 - ~3 regime. This

sort of chemistry is first seen in the ac~inidcs for the nletais

neptunium a[! beyond, l]ut Lhc so].id ,itate properties are mnrkedly

different, as will be noted below.

In the tetravalent met.~ls Ti, Z~ mnd HJ 6everal. intermediate

(i.e., bee, fct.)phdses are seen with incrc~sed hydrogen content, up

to a limiting Nklz::[lpositioll,tur which a face-rcntered tetragonal

structure is found for these metals. ThF electrical resistivity also

drops in approactliux Llie compusi~lon MHz, rtilicctin~an increasing

mct~llic charactrr.
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THE EARLY ACTINIDE-HYDROGEN SYSTEMS

The Thorium-Hydrogen System

Face-centered tetragonai ThHz appears to be the proper homolog

for the Ti-, Zr- and Hf- + hydrogen systems, until the solid state

properties are looked at more closely. The phase forms easily,

without intermediate complexities, and the trends in lattice constants

and heats of formation change abruptly, as shown in Table 1.

TABLE 1

Hydrides of Tetravalent Metals

TiH2 ZrH2 HF2 ThH2

Lattice constant (fct) a = 4.528 4.881 4,919 5.7350
c= 4.279 4.449 4.363 4.971
9

Metal-hydrogen distance (~) 1.92 2.11 2.05 2.38

AH; (298), kcal/mol 27.9 38.9 44.0 35.0

As can be seen, there is a startling increase in lattice constant

and a totally non-characteristic (far a tetravalent metal) metal-

hydrogen distance for ZrH2; concomitantly there is a larke drop in the

heat of Formation, interrupting a rising trend for the other three

metals.

Looked at in a,]othcrway, the lattice is simply huge, and raising

the hydrogen presbure leads to another well-defined phase Th4H15

(Th 3.75), i.e., a nearly tetra-hydride with a complex bcc structure

containing 16 thorium ntcms per unit cell. The Th-atoms form 12

almost perfect tetrahcdra with consnonvertices bu~ no common sides.

With:.neach Letrahrdron lies one II-atom,dnd thus there art! 12 ~uch

.ltom~ in the unit cell, with 48 “type 11” hydrogen :ltomslyi.i~gjust

abc,ve the tace of lhc~r tctrnhedra. Structures nr thr two Lhorium

hyrides are shown in Figurr 1.

tletnl hydrogen diNtnnrcs in the Th4N1r)structure vary from 2.27

to 2.46;. Thr lnrgr “1’h-Thdistfince(larger than thr oxide) implies

littll! renidual m~~tfl]Ill’ bonding, y~t this ph;~~~ is it EIW~-

confiuctor.
(2,:))

Murh hna hwn wriLLen nbout this uncmunon occurr’sncc!,—.—, .-

and the ~Jhy*:i(.nrtl[*mir~llnnt solid-t;L.ltc propcrtica ol’ thr Th + 1[

~ysttimhavr h-m ruvicwed hy Wilrd.
(4)
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The electronic behavior of Th4H15 has been discussed in terms of

a significant contribution from the tail of the 5f bend, which lies

less than leV above the Fermi level for thorium metal (but should lie

considerably higher for the hydrides). Cluster calculations by Winter

and Ries(5) indicate considerable 5f character in the density-of-

states, and Dietrich et al.(6) proposed an f-band mechanism for the

high positive pressure effect. Miller et al.(7) fcund a relatively-

large electronic specific heat, which is however, at odds with the

photoemission studies of Weaver et al.,
(8)

showing a narrow conduction

cl-bandnear the Fermi level and a rather low density-of-states at the

Fermi level. Clearly, ❑ore work needs to be done on this fascinating

hydride.

The Protactinium - Hydrogen System

The first broad-band 5f-electron appears at protactinium, and

there results a situation unique in the periodic table--a C15 Lavea

phase AB2-type structure
‘rem about ‘aH1.33 ‘aH1.68’ ‘n ‘hich ‘he

protactinium atoms assume both metal positions A and B, in the two

tiublattices; the phase forms at temperatures above 500 K. This

structure is shown in Figure 2. The large open circles indicate the

A-lattice of widely-spaced Pa-atoms, etch surrounded by four other—

type A atoms at a me~.al-metal distance of 3.997fi, large enough,

according to the concepts embndied in the “Hill Plots,,(9)to permit

localized 5f electrons, i.e., magnetism. By contrast, the type-B

sublattice, shown with the smallrl shaded circles, forms as a closely-

spaced 6-coordinated system with (orner-sha~ed B4 tetrahedraland with

metal-metal distances of only 3.264:, scarcely larger than Pa metal

i3.215;). The area delineated lJydotted lines in Fig. 2 is estiential-

lY the (110) body-diagonal plaue of fct P[-metal, virtually ~inchanged

by Lhe hydriding procrss.

Additionally, the A/B radius ratio is

of 1.225 fur a perfect C15 structure with

however, sinre the shorLest A-A distance

belicvuble Pa-m~tal rfidius,this sublattice must b~ formed by metal-—

hydrogen bands, giving a “psendo-rad’us” of proper Value. The

11-sublntticei~ then mvtallir and still hi~hly f-bonded, with smaller

Pa-ntorns,whrrcas thr A-ntornsflhouldhe Iargrr,-—

precisely Lhe ideal value

{Jllly A-A and B-IIcontacts;

is much too Largr for a
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Ward et al.
(lo)

have discussed the physiochemical and thermo-

dynamic properties of the Pa + H system in detail, and showed that the

C15 phase is magnetic with ❑agnetic ❑oment Ueff at 298K = 0.84 pB;

clearly, the magnetism ❑ust lie dt the type-A atoms, the ❑etallic

character with the type-B sublattice. At temperatures below about

500K a simple bcc phase forms, isostructural with u - UH3. The phase

again first appears at PaH
1.3’

and ret~ins the structure to

‘aH3-x
(x < 0.1). Remarkable is the observation that the lattice is

fully established at H/Pa = 1.3, with 57% of the anion sites vacant,

and there is no further expansion of the ❑olar volume up to the full

composition. The simple bcc structure can be viewed as a removal of

the tetragmal distortion of the fct metal lattjce, followed by an

expansion due to the driving force for hydriding; the metal atoms must

move grudgingly at the lower temperatures (whereas the hydrogen can

❑ove freely). Ward et al.(lo) ari~ue,on the basi:~of an observed

magnetic movement and the surprising stabilization of the phase at

such a low composition, that the localization of the 5f electron in

the formation of the bcc phase prcwides the best ❑eans to accom-

modate the entering hydrogen at these low temperatures.

London(ll) has provided evidence that the ~ - UH3 stzucture must

always nucleate on a - UH3 microcrystilllites. If this mei:hanismalso

applies to the Pa + H system, the puzzlingly-consistent lower phase

boundary of H/Pa = 1.3 for both the C15 acd the bcc phases fan also be

understood. Then the more complex f.C15)phase would always nucleate

on a-PaH3 pre-curacr microcrystallitrs at the higher temperatures;

the C15 phase, though more complex, is thn lower energy state, the bcc

phuse is in reslity meta~tsble, and the system transform to the C15

structure when metal atom mobility becomes appreciable.

!he Higher Hydrides: P - PRI. and )3- lJH3.— —.—
AL temperatures above 500K aud H/Pa > - 2,0, the system :lgain

opts for a new phase, this t~me the almost equally complex A15

P - UH~ 3tructure. In rontrast to uranium, the hydridr exists over a

stoichiometfy range: ~ - PoI{3-X(0.1 < X < 1.0). The metals ~~ and ~

then nhare this peculiar strurtur;ll modification, unique among

hydrideB in the entire periodic table. For un A15 structure to form

these must he Lwo kind~ of metal uLom~ present, so again there arc Lwo
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sublattices, as shown in Fig. 3. The shaded larger circles lie in a

bcc lattice with widely-spaced and presumably magnetic metal atoms,

whereas the open circles show infinite chains of closely-spaced atoms,

two in each cube face; these chains closely-resemble the rows of

type B atoms in the C15 structure (Fig. 2). The metal-metal distance

in the face chains is only 3.311; Ward et al.
(12)

have shown through

relativistic Wigner-Seitz band calculations that there should be major

f-f overlap of the 5f (tlu) wave functions for this distance, implying

strong metallic bonding in the type-II sublattice of face chains, as

also verified by the electrical resi.stivity measurements.

Switendick(13) has calculated electronic energy bands for both ~he a

and f! hydrides. Evidence was found for considerable uranium-

f/hydrogen-s bonding, which is actually favored by both struct!lres.

Both localized (magnetic) aud itinerant f-charactetis were identified,

the latter as large as two electrons/U-atom for the linear chain

(type II) atoms in the A15 structure; however, potentials constructed

for the two kinds of uranium differed by only 0.01 Rydberg. XPS

studies on the ~-deuteride showed well-defined core-level 4f

spectra without satellites with no evideuce of more than one valence

st:ate; energies indicate a metallic valence somewhere between 54(f2)

and the metal.

Then the type-X sublattice seems like the most likely candidate

for the locations of the magnetic moments, but there is as yet no

solid evidence for this. The measured paramagnetic moment for

P- PaH3 iS 0.96 p p, whereas measured values for ~ - UH3 range from

2.44
+3

- 2.79 PP (far below the expected value for a localized U or

ti+4 state). Conversely, assigning the full magnetism to the type I

subl Ittice (1/11 ratio = 1:3) WOUIJ result in too high a vnlue. New

neutron diffraction and neutron inelastic scattering studies
(14)

will

hopefully finally resolve this question.

It is instructive to consider both the &- and f!-hydrides in terms

of cohesive energies holding the lattices together, In the a-hydride

each uranium atom is surrounded by an Lcociahedzon of hydrogen atoms,

i.e., this lattice is hLld together primarily by metal-hydrogen bonds,

which is typical of most hydriden. [n the P-hydride, this some set of
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icnsahedra now surrounds only the metal atoms in the bcc type I sub-

lattice (now considerably expanded) and the type II sublattice then

retains a metal-metal distance not unlike that of the metal. In a

sense, the type II sublatticc is “inserted” into the positions formely

occupied by hydrogens in the a-hydride. In the lattice there are then

two radii: the 1.67~ contacts of the type II sublattice, and the 2.03~

contacts of the type I sublattice--actually then a ‘“?sendo” M-H

radius; the I-II distance also preserves this relationship, i.e.,

1.67

been

with

+ 2.03.

In the preceding discussions, the concept of metal ~alence has

avoided; it is very different to reconcile f-electron overlap

the norti,,a;.s, p, d valence picture. Rather, the concept of at

least partially-localized f-electrons (larger atoms), and bonding and

❑etallic f-electrons (smaller atoms) has been emphasized. The

simplest response of early actinide compounds to a chemical driving

force is to either localize or delocalize the f electrons, thus turn-

ing off tbe f-bonding; the result is often unusual structures and

complex phase transformations.

The Systems Np + H and Beyond

As noted i- the introduction, there is a suddea change at neptu-

nium to rare-earth-like chemistry. Since there is still a maximum of

f character at NJ, the result is probably duc to the solid preference

for trivalency for this and the following metals. The metal-hydrogen

distance is already at a minimnm (2,32:) for trivalent hydrides at

NpH2, and there is no evidunce for ❑agnetism or magnetic ordering,

though the Np-Np distance is large and the 5f electrons should be

well-localized; however, the Np-5f/H-ls interal.tionsshould not be

ignored.

The solid state properties of the Pu + H system are interesting

and complex, and are diticussedby Willis et al.(15) These properties

are markedly-different than for the r~re-earth hydrides, and onc would

then expect another radical change beginning at americium or perhaps

curium, where the 5f’s truly become core-like. Unfortunately, meas-

urements revealing this huve yet to be done,
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Figure Captions

Sketch of the ThH2 structure; the small bet unit. cells can be

combined in groups of four to form the larger unit cell (out-

lined by heavy dashed lines) designated as fct. Note the

parallel chains of hydrogens (shaded atoms), leaving the front

faces of either unit cell as large open channels.

Section of the Th4ii15 structure, showing typical groups of

tetraheda, each enclosing a type i (black) hydrogen. Shown

also are some (not all) type II hydrogens, each in the center

but slightly out from the plane of a tetrahedral face.

Sketch of the unit cell for the C15 Laves-type protactinium

hydride. Type A magnetic atoms are shown as larger open circles,

type B f-bonded smaller metallic atoms are shown shaded; hydro-

gens are not shown.

Sketch of the A15 ~ - UH3 (~ - i?aH3) structure. Large UT atoms

(shaded) form <he bcc sublatt.ice.
‘mailer ‘II atoms ‘open

circles) form the metallic, f-bonded face-chains. Small shaded

atoms show hydrogen locations. Also shown are two representa-

tive 11 113 tetrahedral.
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Figure 2.
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